Abstract Four generations of total-etch (fourth, fifth) and self-etching (sixth, seventh) bonding agents for use with resin composites are commercially available in the United States. Innovations in bonding agents include: filled systems, release of fluoride and other agents, unit dose, self-cured catalyst, option of etching with either phosphoric acid or self-etching primer, and pH indicators. Factors that can affect in vitro bond strength to human dentin include substrate (superficial dentin, deep dentin; permanent versus primary teeth; artificial carious dentin), phosphoric acid versus acidic primers, preparation by air abrasion and laser, moisture, contaminants, desensitizing agents, astringents, and self-cured restorative materials. This article reviews studies conducted at the Houston Biomaterials Research Center from 1993 to 2003. Results show that in vitro bond strengths can be reduced by more than 50% when bonding conditions are not ideal.
Introduction
Four generations of total-etch or self-etching bonding agents for use with resin composite restorative materials are common in the United States. Examples of total-etch and self-etching bonding agents, the companies producing the products, and their tensile bond strengths to human enamel and dentin are listed in Table 1. 1,2 Total-etch, multiple-bottle bonding agents (fourth generation) have separate containers of phosphoric acid, primer, and adhesive; both lightand dual-cured formulations are available. Total-etch, single-bottle bonding agents (fifth generation) have separate containers of phosphoric acid and combined primeradhesive; both light-and dual-cured formulations are available. Self-etching bonding agents (sixth generation) are available as Type I and Type II; they eliminate the need for etching with phosphoric acid and rinsing.The Type I systems have separate containers of self-etching primer and adhesive that are applied in separate layers. The Type II systems are self-etching adhesives that require the mixing of components before application to tooth structure. No-mix, selfetching adhesives (seventh generation) were recently introduced. In general, modern bonding agents have adequate bond strengths to enamel and dentin. [1] [2] [3] Characteristics of bonding agents are summarized in Table 2. 1,2,4
Innovations
Bonding agents are marketed with a variety of innovative features including: filled systems, release of fluoride and other agents, unit dose, availability of self-cured catalyst, use with either phosphoric acid or self-etching primer, and pH indicators.
1,2 Examples of bonding agents with innovative features are listed in Table 3 . Scientific reports documenting the efficacy of the addition of filler and the release of fluoride and other agents are scarce.
Measurement of tensile bond strength
Two popular tensile bond tests used at the Houston Biomaterials Research Center include the inverted, truncated cone test 5 and the microtensile test. 6 In a study of a totaletch, single-bottle bonding agent (fifth generation) bonded to enamel, superficial dentin, and deep dentin for wet, moist, and dry conditions, microtensile bond strengths were found overall to be about 30% higher than inverted cone bond strengths (P ϭ 0.024; r 2 ϭ 0.54) ( Table 4) . 7 The higher bond strengths observed with the microtensile test may be related to the smaller diameter of the bonded interface. 
Substrate
Bond strengths of bonding agents used with resin composites vary among substrates of human enamel, superficial dentin, and deep dentin (Tables 5  1,2 and 6  8,9 ). Generally, in vitro bond strengths to human enamel were higher or similar to bond strengths to superficial dentin. 1, 2, 8, 9 Bond strengths to deep dentin were lower than bond strengths to superficial dentin with some bonding agents. Permanent teeth tended to produce bond strengths that were similar to or slightly higher than those in primary teeth (Table 7) . 9, 10 In vitro bond strength to artificial carious dentin (12 MPa) was about 50% lower than that to sound dentin (22 MPa).
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Phosphoric acid versus self-etching primers
Several total-etch, single-bottle bonding agents (fifth generation; One-Step Plus, Optibond Solo Plus) have the option of using either phosphoric acid or a self-etching primer before application of the adhesive. Bond strengths to superficial dentin with One-Step Plus used with the selfpriming etchant (Tyrian SPE) were lower than those with phosphoric acid (Table 8) . 12 Conversely, bond strengths of Optibond Solo Plus to dentin were improved with the use of self-etching primer (25 MPa) as compared with phosphoric acid (19 MPa). 1 Although phosphoric acid is recommended by some manufacturers of self-etching bonding agents for the etching of unprepared enamel, the use of phosphoric acid to etch dentin before application of a self-etching primer/adhesive (sixth generation;Type I) reduced the bond strength of two of three resin core materials bonded to dentin (Table 9 ). 
Preparation by air abrasion and laser
Air abrasion (or micro-etching) is a technique in which particles of aluminum oxide are propelled against the surface of enamel or other substrate by high air pressure, causing abrasion of the surface. Some manufacturers of commercial units have suggested that air abrasion could eliminate the use of bonding agents; however, bond strengths to airabraded dentin were substantially lower when bonding agents were eliminated or used without the primer (Table  10 ).
14 Bond strengths of dentin prepared with phosphoric acid were higher than those of dentin prepared with an Erbium-YAG laser (Table 11) . 15 
Moisture
Moist teeth are usually recommended for bonding of modern bonding agents (fourth, fifth, sixth, and seventh generation) to dentin. Bond strengths to human dentin of total-etch, multiple-bottle bonding agents (fourth generation) 16 used with resin composites can be reduced by overly dry or overly wet teeth (Table 12) . A self-etching primer/adhesive (sixth generation, Type I) had higher bond strength with moist dentin, 17 whereas a no-mix, self-etching adhesive (seventh generation) was not affected by moist versus dry dentin (Powers JM, Pinzon LM, unpublished data).
Contaminants
Bond strengths to human dentin of total-etch, multiplebottle bonding agents (fourth generation) used with resin composites were reduced by contaminants such as saliva, plasma, zinc oxide-eugenol cement, and non-eugenol zinc oxide cement (Table 13) . 16 Re-etching after contamination occurred was effective in returning the bond strengths to control levels. 16, 18 Bond strength to human dentin of a totaletch, single-bottle bonding agent (fifth generation) was reduced by 40%-50% when the dentin was contaminated with two commercial caries detectors before application of the bonding agent. 19 Bond strengths of self-etching bonding agents (sixth generation) are also affected by contamination with oral fluids. Contamination of superficial dentin by saliva or blood during the bonding procedure reduced the bond strength by as much as 50%; however, rinsing and reapplying the bonding agent or rinsing alone were effective (Table 14) . 17, 20 Desensitizing agents
Desensitizing agents are sometimes applied to dentin before bonding procedures to reduce postoperative sensitivity. The bond strength of a total-etch, single-bottle bonding agent (fifth generation; Optibond Solo) was increased by the use of five dentin desensitizers (Table 15) . 21 4 Table 10 . In vitro bond tensile strengths (24-h storage in water; MPa) of resin composite bonded to human dentin prepared with air abrasion (50-µm aluminum oxide) with and without use of total-etch, multiplebottle bonding agent (fourth generation) 14 
Condition
Tensile bond strength Phosphoric acid (control), primer, adhesive 24 Air abrasion only 1 Air abrasion, adhesive only 10 Air abrasion, primer, adhesive 20 Table 11 . In vitro microtensile tensile bond strengths (24-h storage in water; MPa) of a resin composite bonded to human dentin prepared with either a carbide bur or an Erbium:YAG laser and treated with either a total-etch, single-bottle bonding agent (fifth generation) with and without use of phosphoric acid or a self-etching bonding agent 15 Etching condition Carbide bur Erbium:YAG Laser
Phosphoric acid/bonding agent 36 21 Bonding agent alone 0 9 Self-etching adhesive 20 12 Table 12 . In vitro tensile bond strengths (24-h storage in water; MPa) of resin composites used with bonding agents bonded to human dentin exposed to levels of moisture 16, 17 Bonding 
Astringents
Ferric sulfate and aluminum chloride astringents caused dramatic reductions in the bond strength of a self-etching bonding agent (sixth generation) when applied to superficial dentin before application of the bonding agent (Table 16 ).
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Self-cured restorative materials
Light-cured resin restorative materials are generally compatible with total-etch and self-etching bonding agents. Self-cured flowable composites, core materials, and resin cements can be incompatible with certain total-etch, singlebottle bonding agents and with self-etching bonding agents. A self-cured flowable composite had acceptable bond strength with one total-etch, single-bottle bonding agent (fifth generation), but not with another total-etch, singlebottle bonding agent (Table 17) . 23 A dual-cured, total-etch, single-bottle bonding agent had high bond strengths to dentin with both light-, and dual-cured composite core materials, but had zero bond strength with a self-cured composite core material (Table 18) . 13 
Future directions
The use of phosphoric acid with self-etching bonding agents (sixth and seventh generation) as recommended for the etching of unprepared enamel should be further evaluated for its effect on bonding to dentin. Storage stability of self-etching bonding agents (sixth and seventh generation) should be evaluated, because some components may degrade with time in an acidic environment. Evaluation of new bonding agents for technique sensitivity and compatibility with resin restorative materials will be necessary. Table 18 . In vitro micro-tensile bond strength (48-h storage in water; MPa) of composite core materials bonded with total-etch, single-bottle bonding agent (fifth generation; Prime & Bond NT Dual Cure) to dentin etched with phosphoric acid 13 
Composite
Bond strength
Light-cured composite (Clearfil Photocore) 23 Dual-cured composite (Fluorocore) 27 Self-cured composite (Core Paste) 0
